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1
SPAC SERIES PROGRAMMABLE ARRAY OF
CAPACITORS

RELATED APPLICATIONS

This application claims the benefit of provisional patent
application Ser. No. 61/668,148, filed Jul. 5, 2012, the dis-
closure of which is hereby incorporated herein by reference in
its entirety.

FIELD OF THE DISCLOSURE

The field of the disclosure is tunable resonant circuits uti-
lizing a programmable array of capacitors (PAC). Specifi-
cally, a series programmable array of capacitors (sPAC) is
used as a tuning element in a series resonant circuit, or is
placed in series with an RF signal path.

BACKGROUND

Conventionally, variable capacitance may be provided
through a parallel programmable array of capacitors (parallel
PAC, or pPAC). Using switches (or stacked switches), one or
more capacitors may be joined in parallel (or may be isolated)
to provide an overall desired variable capacitance.

However, parallel programmable arrays of capacitors have
many undesired properties. For example, parallel program-
mable arrays of capacitors (pPACs) do not have linearity and
signal handling capability that is inversely proportional to the
PAC capacitance value.

One problem is that conventional pPAC architecture may
be over-designed with respect to its linearity for some capaci-
tor tuning values when used in series resonant applications.

It is desired to develop programmable arrays of capacitors
that have linearity and signal handling capabilities that are
inversely proportional to the PAC capacitance value.

SUMMARY

In one embodiment, a series programmable array of
capacitors (sPAC) is used as a tuning element in a series
resonant circuit, or is placed in series with the RF signal path.
The signal handling and Q characteristics of the sPAC are
better suited for tuning series resonant circuits than the con-
ventional parallel programmable array of capacitors (pPAC).

In another embodiment, a hybrid programmable array of
capacitors (hybrid PAC, or hPAC) combines elements of the
pPAC and the sPAC. In certain applications the hPAC’s dis-
tortion and Q characteristics may be more desirable than
either the pPAC or sPAC. There are a large number of poten-
tial hPAC variants made of different combinations & permu-
tations of the sPAC & pPAC elements.

Specifically, the use of SPACs or hPACs may significantly
reduce the size of (and/or improve the linearity of) SOI based
antenna tuning PACs (programmable arrays of capacitors),
especially in applications where a PAC is placed in series with
the signal path.

The new sPAC (and hPAC) architecture’s linearity changes
as a function of capacitor tuning (high linearity for low
capacitance value), and this feature allows a smaller overall
switch area. The existing parallel pPAC architecture is over
designed with respect to its linearity for some capacitor tun-
ing values when used in series resonant applications.

Those skilled in the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
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2

reading the following detailed description of the preferred
embodiments in association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification illustrate several aspects of
the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1 illustrates a series programmable array of capacitors
(sPAC) that is binary weighted.

FIG. 2 illustrates a series programmable array of capacitors
(sPAC) that is thermometer coded.

FIG. 3 illustrates a series resonant circuit including a pro-
grammable array of capacitors (PAC).

FIG. 4 illustrates an exemplary high dynamic range RF
(Radio Frequency) switch comprising four stacked devices.

FIG. 5 illustrates a 3 bit sPAC using single supply stacked
FET (Field Effect Transistor) switch architecture, and includ-
ing series coupling capacitors for DC biasing.

FIG. 6 illustrates a floating AC (alternating current)
coupled single supply stacked switch including 4 stacked
FETs.

FIG. 7 illustrates a 3 bit pPAC with bypass, and a 3 bit
SPAC with bypass.

FIG. 8 illustrates calculated capacitor values, series resis-
tance, Q, and signal handling for pPAC and for sPAC.

FIG. 9 illustrates a hybrid PAC (hPAC) including a 3 bit
sPAC and a single bit pPAC.

FIG. 10 illustrates a hybrid PAC (hPAC) including a ther-
mometer coded three bit sPAC and three single bit pPACs.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and illustrate the best mode of practicing the
embodiments. Upon reading the following description in
light of the accompanying drawing figures, those skilled in
the art will understand the concepts of the disclosure and will
recognize applications of these concepts not particularly
addressed herein. It should be understood that these concepts
and applications fall within the scope of the disclosure and the
accompanying claims.

FIG. 1 illustrates a series programmable array of capacitors
(sPAC) 10 that is binary weighted. Three capacitors are in
series, the first having a capacitance of Co, the second having
a capacitance of Co/2 (for example), and the third having a
capacitance of Co/4 for (example). The capacitors may be in
a different order. Each capacitor is in parallel with a switch,
labeled SW0, SW1, and SW2 respectively. Each switch is
controlled by a control line, labeled A0, A1, and A2 respec-
tively. The control lines are controlled by a controller
CONT_A.

The capacitance of a series of capacitors (C1, C2, and C3)
is calculated by 1/Cseries=1/C1+1/C2+1/C3. The capaci-
tance of FIG. 1 sPAC (with all switches open) is 1/Cseries=1/
Co+1/(Co/2)+1/(Co/4). Other values may be obtained by
closing one or more switches. If all switches are closed, then
the sPAC acts as a bypass (with no capacitance).

The sPAC’s signal handling and Q properties vary as a
function of the tuning word (as a function of the signals on the
control lines). The quality (Q) and signal handling character-
istics of an sPAC are different than those of a pPAC, and are
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preferable for certain applications (especially when the signal
handling requirements are a function of the PAC tuning).

The sPAC structure is particularly useful for tuning appli-
cations that require a bypass switch in parallel with the PAC.
The sPAC structure naturally (or inherently) incorporates a
bypass feature, thus no additional bypass switches are neces-
sary. This inherent bypass feature reduces both area and para-
sitic loading (in comparison to pPACs). The sPAC can be
implemented as a binary weighted (FIG. 1) or as a thermom-
eter coded architecture (as shown below in FIG. 2). PACs are
sometime referred to as DTCs (Digitally Tunable Capaci-
tors).

FIG. 2 illustrates a series programmable array of capacitors
(sPAC) 12 that is thermometer coded. In FIG. 2, a series of 7
capacitors is shown. Each capacitor has an identical capaci-
tance Co, each capacitor is in parallel with a switch (SW0,
SW1, SW2, SW3, SW4, SW5, and SW6 respectively), and
each switch is controlled by a control line (A0, A1, A2, A3,
A4, A5, and A6 respectively. The control lines are controlled
by a controller CONT_B.

By comparison, the binary weighted sPAC has capacitors
and has lower parasitics than the thermometer sPAC. The
thermometer coded sPAC provides for more independent
control of the capacitor values and signal handling than the
binary weighted sPAC, and has an inherently monotonic con-
trol characteristic.

Additionally, the thermometer coded sPAC has the advan-
tage of switching only one switch at a time to change between
adjacent L.SB states (thus having fewer switching transients
than the binary weighted sPAC). In a binary weighted design
there are some [.SB transitions that require every switch in the
design to change states. However, the thermometer coded
sPAC has the disadvantage of requiring more circuitry (and
more area) than the binary weighted sPAC.

FIG. 3 illustrates a series resonant circuit 14 including a
programmable array of capacitors (PAC) providing a variable
(tunable) capacitance Cpac. The programmable array of
capacitors is controlled by a controller CONT_C. The con-
troller CONT_C may also monitor all of the voltages and
currents in the series resonant circuit 14, and use the moni-
tored information to control the programmable array of
capacitors Cpac.

The series resonant circuit 14 includes: a voltage source
2VinSIN(t), a source impedance Zsource, a variable capaci-
tor Cpac, a series inductor Lser, and finally a load impedance
Zload. The voltage Vpac across the variable capacitor Cpac is
calculated by equation 1 as shown in FIG. 3, and is largest
when Cpac is smallest.

The voltage across a capacitor in a series resonant circuit,
at resonance, is inversely proportional to the capacitor value.
Thus, the voltage Vpac is inversely proportional to the capaci-
tor value Cpac. It is desirable to have a PAC with linearity and
signal handling characteristics that are inversely proportional
to the capacitor value Cpac.

In general, the linearity and signal handling characteristics
of'a PAC used to tune the resonant circuit is a function of the
RF (Radio Frequency) voltage swing across the PAC. Begin-
ning in the OFF state, PAC elements tend to cause a sudden
degradation in linearity if they start to turn ON for part of an
RF cycle. The mechanisms that cause distortion tend to be
voltage driven, and are caused either by the Vgs or Vgd
voltage swing being sufficient to turn ON previously OFF
state capacitors during part of the RF cycle, or are caused by
voltage induced RF leakage across drain-source junctions.

Various types of stacked switches may be used for the
switches of a sPAC. Specific examples are provided in later
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figures. For example, the switches may include high dynamic
range stacked FET switch structures.

FIG. 4 illustrates an exemplary high dynamic range RF
(Radio Frequency) switch 16 comprising four stacked
devices. In this example, the four stacked devices are FET
transistors T2, T4, T6, and T8 organized in a DC (Direct
Current) coupled stacked FET switch architecture utilizing
+Ve and —Ve voltage supplies (e.g., +2.5V and -2.5V). The
positive voltage (+Ve) is typically the highest value voltage
that the process can reliably work with. The negative voltage
(=Ve) is typically chosen to maximize the dynamic range
without stressing the devices beyond their reliability limits.
For some devices, a negative voltage near —1.5V gives better
results.

Various resistors are illustrated: common gate resistor
Rg_ COMMON, gate resistors Rg, drain-source resistors Rds,
base resistors Rb, and common base resistor Rb_ COMMON.

Atable in FIG. 4 illustrates the gate voltage Vgate, the body
voltage Vbody, and the bias voltage Vds_BIAS during the
following states: ON state, OFF state; and transition states.

The switch in FIG. 4 may be described as a DC coupled
stacked FET switch architecture using +Ve and —Ve supplies.
Single supply sPACs may also be used, as described below in
FIG. 5.

FIG. 5 illustrates an alternative embodiment of an sPAC,
including a 3 bit binary coded sPAC 17 using single supply
stacked FET (Field Effect Transistor) switch architecture, and
including series coupling capacitors C1 for DC biasing. This
illustrated architecture does not require any negative voltage
supply. Further, this illustrated architecture generally fixes
the body voltage of the FETs at ground (not shown).

The binary coded sPAC 17 of FIG. 5 is similar to the binary
coded sPAC of FIG. 1, but also includes series coupling
capacitors C1. In FIG. 5, binary coded capacitors Co, Co/2,
and Co/4 are in series. Switches SW0, SW1, and SW2 are
respectively in parallel with the binary coded capacitors. One
series coupling capacitor C1 is located in series between each
binary coded capacitor. Additional series coupling capacitors
C1 may be located in series before and after the series of
binary coded capacitors. In this architecture the resistive
bypass function of FIG. 4 is replaced by a capacitive bypass
function.

From left to right, the following structures are in series: an
RF input (RFin) node; a first series coupling capacitor C1; a
binary coded capacitor Co in parallel with switch SWO0; a
second series coupling capacitor C1; a binary coded capacitor
Co/2 in parallel with switch SW1; a third series coupling
capacitor C1; a third binary coded capacitor Co/4 in parallel
with switch SW2; a fourth series coupling capacitor C1; and
an RF output (RFout) node.

Switch SW0 includes a set of N stacked FETSs, controlled
by control lines A0 and AObar. Switch SW1 includes a set of
2xN stacked FETs controlled by control lines Al and Albar.
Switch SW2 includes a set of 4xN stacked FETs controlled by
control lines A2 and A2bar. For example, if N=4, then SW0
has 4 stacked FETs, SW1 has 8 stacked FETs, and SW2 has
12 stacked FETs. In general, a binary coded capacitor Co/M
is in parallel with a switch having a set of MxN stacked FETs.
The control lines are controlled by a controller CONT_D.

FIG. 6 illustrates an embodiment of switch SW0 of FIG. 5.
Specifically, switch SW0 is a floating AC (alternating current)
coupled single supply stacked switch 18 including 4 stacked
FETs (T62, T64, T66, and T68).

Control line A0 in FIG. 5 corresponds to Vgate in FIG. 6.
Control line AObar corresponds to Vds_BIAS in FIG. 6. A
table in FIG. 6 illustrates the control voltages for the ON state,
the OFF state, and TRANSITION states. Numerous resistors



US 9,214,922 B2

5

Rg_ COMMON, Rg, Rds, Rb, Rb_COMMON, Rd, and Rs
may be located as shown to reduce currents and to reduce
transients.

Capacitors Cd and Cs may be located at the drain and the
source ends of the stacked FETs, as shown. From top to
bottom, voltage Vd is applied to capacitor Cd. Voltage Vd_int
(internal drain voltage) exits capacitor Cd and is applied to the
stacked FETs. Voltage Vd_int (internal source voltage) exits
the stacked FETs and is applied to capacitor Cs. Finally,
voltage Vs exits capacitor Cs.

FIG. 7 illustrates a conventional 3 bit pPAC (parallel Pro-
grammable Array of Capacitors) 20 with bypass, and a 3 bit
binary coded sPAC 22 with bypass. This pPAC 20 and this
sPAC 22 are designed to be roughly comparable (have similar
signal handling characterisitics) under some conditions.

The conventional 3 bit pPAC 20 is augmented with a
bypass switch SW9 so that the augmented pPAC may perform
the bypass function that is inherently available in the sPAC. In
this way, circuits with similar functions may be evaluated
(comparing apples with apples, or comparing augmented
pPAC with sPAC).

The pPAC 20 is a binary weighted pPAC, wherein the
parallel capacitors vary in size by a factor of two. Similar
results may be obtained with a “thermometer” pPAC, wherein
seven equal capacitors may be in parallel (not shown). Thus,
binary weighted pPAC 20 may be controlled by a 3 bit code
word (or perhaps more accurately by a four bit code word if
the augmented bypass feature is considered).

The conventional 3 bit pPAC 20 with bypass (or augmented
pPAC) includes the following structures arranged in parallel
(from right to left): a capacitor Co/2 in series with a switch
SW6 (a 12 stack FET with width of 4 mm); a capacitor Co/4
in series with a switch SW7 (a 12 stack FET with width of 2
mm); a capacitor Co/8 in series with a switch SW8 (a 12 stack
FET with width of 1 mm); and finally a bypass switch SW9 (a
12 stack FET with width of 4 mm).

The parameters of each switch (SW6 through SW9) are
provided directly below the conventional 3 bit pPAC 20 with
bypass. It is important to note that each parallel structure must
be capable of handling the entire voltage from RFin to RFout
because there is no voltage division in parallel structures.
Thus, each switch must be capable of handling the entire
voltage, and each switch should have the same number of
FETs stacked (in this case, 12 stacked FETs).

The current handling capabilities of these parallel struc-
tures in pPAC 20 are roughly proportional to the size of the
capacitor, and thus switch SW6 requires a greater FET width
than switch SW7 (to handle greater current), and switch SW7
requires a greater FET width than SW8 (to handle greater
current).

The 3 bit binary coded sPAC 22 (with inherent bypass)
includes the following structures in series from bottom to top:
an RF input node RFin; a capacitor Co in parallel with switch
SWO0; a capacitor Co/2 in parallel with switch SW1; a capaci-
tor So/4 in parallel with switch SW2; and an RF output node
RFout.

In the sPAC, these structures in series provide voltage
division for the RF signal. For example, in the bypass mode
all three switches (SW0, SW1, and SW2) are closed. Each
closed switch has some resistance (RON/2, RON, and
2xRON respectively), such that no single switch sees the
entire RF signal voltage. Thus, the three switches have 2
stacked FETs, 4 stacked FETs, and 8 stacked FETs respec-
tively. The maximum voltage handling for stacked FETs is
directly proportional (to a first order approximation) to the
number of FETs stacked. (In contrast to the sPAC, the bypass
switch SW9 of the 3 bit pPAC requires 12 stacked FETs.)
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An sPAC may use the advantage of voltage division to be
smaller in area than a comparable pPAC. As shown, the sPAC
22 uses only about 40% of the area of the pPAC 20. Alterna-
tively, the sPAC 22 may be similar in area to a pPAC 20, and
may use this similar area to provide improved energy effi-
ciency or improved transient response (relative to a pPAC 20).

Other compromises may be made with the sPAC structure.
For example, FET area and quality Q may be traded for more
signal handling capability at the mid-range tuning codes. All
such variations are considered to be within the scope of the
present disclosure.

The sPAC 22 has the disadvantage that (relative to the
pPAC), even if all switches are open, there is still capacitance
between the RF nodes.

FIG. 8 illustrates a table providing calculated capacitor
values, series resistance, Q, and signal handling fora pPAC 20
and for a comparable sPAC 22.

The leftmost column provides a 3 bit control signal code
(or word). Code 000 indicates that all three binary coded
switches are open. As previously discussed, if a pPAC is
augmented with a bypass switch (see pPAC 20in FIG. 7), then
(strictly speaking) an additional control line is required. For
pPAC 20 with bypass, the bypass code would be 1000, indi-
cating that that the bypass switch is closed, and the other three
switches are open.

For pPAC 20, code 001 indicates that only switch SW8 is
closed (in series with the smallest capacitor). Code 010 indi-
cates that only switch SW7 is closed. Code 100 indicates that
only switch SW6 is closed.

In a 3 bit binary coded sPAC (such as sPAC 22 in FIG. 7),
code 111 indicates that all three switches (SW0, SW1, and
SW2) are closed, and the sPAC is in a bypass mode (or bypass
status, or bypass condition).

In the pPAC, quality Q is constant at 0.66 (except at code
000 wherein all switches are open, including the bypass
switch), and signal handling capability is constant at 3V
maximum. Thus, for a pPAC, quality Q and signal handling
are independent of tuning (except at code 000 for the case of
zero capacitance when the entire array is open circuited).
These pPAC characteristics are useful for tuning parallel reso-
nant circuits (not shown).

In contrast to pPACs, for a sPAC (such as binary coded
sPAC 22 in FIG. 7) the quality Q varies in inverse proportion
to the capacitance. Additionally, the signal handling capabil-
ity varies in inverse proportion to the capacitance. These
sPAC characteristics are useful for tuning series resonant
circuits (e.g. FIG. 3), and for other circuits as well. For
example, a sSPAC may be used for antenna tuning, or for a
tunable filter.

FIG. 9 illustrates a hybrid PAC (hPAC) 24 including a 3 bit
sPAC and a single bit pPAC.

A hybrid PAC is a combination of series and parallel PACs.
There are a large number of possible hPAC designs though
permutations and combinations of different numbers of
pPACs and sPACs, with or without bypasses. Each hPAC will
have a different Q and signal handling characteristic that may
be optimum for a particular tuning requirement.

In FIG. 9, a3 bit sPAC comprises, from left to right: a first
series structure (Co in parallel with S1); a second series
structure (Co in parallel with S2); and a third series structure
(Co/2 in parallel with S3). This 3 bit sPAC is not a binary
weighted sPAC, and is not a thermometer sPAC.

Additionally, the first series structure includes an addi-
tional capacitor Co in series with switch S1, and functions as
a single bit pPAC.

FIG. 10 illustrates a hybrid PAC (hPAC) including a ther-
mometer coded three bit sPAC and three single bit pPACs.
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In FIG. 10, a complex hybrid PAC 26 may be described as
including a thermometer coded three bit sSPAC. The three bit
sPAC is identifiable by three switches S5, S6, and S7 in series,
each switch being in parallel with a capacitor Co. Addition-
ally, three single bit pPACs are identifiable by switches S1,
S2,and S3. This hybrid is complex, and is difficult to describe
using sPAC and pPAC terminology.

There are a large number of possible hPAC designs though
permutations and combinations of different numbers of
pPACs and sPACs with or without bypasses. Each hPAC will
have a different Q and signal handling characteristic that may
be optimum for a particular tuning requirement.

Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are con-
sidered within the scope of the concepts disclosed herein and
the claims that follow.

What is claimed is:

1. A sPAC (series programmable array of capacitors) cir-
cuit comprising:

a first capacitor;

asecond capacitor in series with the first capacitor, wherein

the second capacitor has approximately half of a capaci-
tance of the first capacitor;

a first switch in parallel with the first capacitor; and

a second switch in parallel with the second capacitor,

wherein the sPAC is a binary weighted sPAC.

2. The sPAC circuit of claim 1, further comprising:

a first control node configured to control the first switch;

and

a second control node configured to control the second

switch.

3. The sPAC circuit of claim 1, wherein the sPAC is con-
figured to accept positive and negative control voltages.

4. The sPAC circuit of claim 3, wherein the first switch is a
DC (direct current) coupled stacked switch including at least
two FETs (Field Effect Transistors).

5. The sPAC circuit of claim 1, wherein the sPAC is not
configured to accept negative control voltages.

6. The sPAC circuit of claim 5, wherein the first switch is a
single supply stacked FET (Field Effect Transistor).

7. The sPAC circuit of claim 6, wherein the second switch
has twice as many stacked FETs as the first switch has.

8. The sPAC circuit of claim 7, further comprising a first
coupling capacitor located in series between the first capaci-
tor and the second capacitor.

9. The sPAC circuit of claim 8, further comprising:

a third capacitor located in series with the second capaci-

tor;

a third switch located in parallel with the third capacitor;

and

a second coupling capacitor located in series between the

second capacitor and the third capacitor.

10. The sPAC circuit of claim 9, wherein the third capacitor
has a capacitance of approximately one fourth of the first
capacitor, and wherein the third switch has approximately
four times as many stacked FETs as the first switch.
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11. A sPAC (series programmable array of capacitors) cir-
cuit comprising:

a first capacitor;

a second capacitor in series with the first capacitor, wherein
the second capacitor is approximately equal in capaci-
tance to the first capacitor;

a first switch in parallel with the first capacitor; and

a second switch in parallel with the second capacitor,

wherein the sPAC is a thermometer coded sPAC.

12. A sPAC (series programmable array of capacitors) cir-
cuit comprising:

a first capacitor;

a second capacitor in series with the first capacitor;

a first switch in parallel with the first capacitor;

a second switch in parallel with the second capacitor;

a source impedance in series with the sPAC; and

a series inductor in series with the sPAC.

13. The sPAC circuit of claim 12, further comprising:

a control portion configured to control the sPAC such that
the sPAC circuit is matched to an external load.

14. The sPAC circuit of claim 12, wherein the sPAC is a
binary weighted sPAC, and wherein the second capacitor has
approximately half of the capacitance of the first capacitor.

15. The sPAC circuit of claim 12, wherein the sPAC is a
thermometer coded sPAC, and wherein the second capacitor
is approximately equal in capacitance to the first capacitor.

16. The sPAC circuit of claim 12, wherein the sPAC is
configured to accept positive and negative control voltages.

17. The sPAC circuit of claim 16, wherein the first switch is
a DC (direct current) coupled stacked switch including at
least two FETs (Field Effect Transistors).

18. The sPAC circuit of claim 12, wherein the sPAC is not
configured to accept negative control voltages.

19. The sPAC circuit of claim 18, wherein the first switch is
a single supply stacked FET (Field Effect Transistor).

20. The sPAC circuit of claim 19, wherein:

the sPAc is binary coded;

the second capacitor has about one half of the capacitance
of the first capacitor.

21. The sPAC circuit of claim 20, wherein the second

switch has twice as many stacked FETs as the first switch has.

22. The sPAC circuit of claim 21, further comprising a first
coupling capacitor located in series between the first capaci-
tor and the second capacitor.

23. The sPAC circuit of claim 22, further comprising:

a third capacitor located in series with the second capaci-

tor;

a third switch located in parallel with the third capacitor;
and

a second coupling capacitor located in series between the
second capacitor and the third capacitor.

24. The sPAC circuit of claim 23, wherein the third capaci-
tor has a capacitance of approximately one fourth of the first
capacitor, and wherein the third switch has approximately
four times as many stacked FETs as the first switch.

#* #* #* #* #*
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